MONITORINGFREEZE-THAW ALONGNORTH-SOUTI Al, ASKANTRANSECTSUSING 1)I{ S1 SAR

Firic Rignot aad Jo Bea Way.

Jet Propulsion Laborator y, CaliforniaInstitute of Technology, Pasadena CA 91109

ABSTRACT

Monitoring freeze-thaw transitions of the soil and vegetationin
high latitude terrestrial ccosystems is useful for determining the
length of the growing scason, and for monitoring potential da-
agetoliving plants due' to freezing and frost drought. We present
a technique for monitoring freeze-thaw cycles using repeat-pass
SAR data from the Furopean Remote Sensing, Satellite, BRS-1,
100 km in swath width, andinosaicked together along a North-
South Alaskan transect 1400 kmninlength. Freezing of the soil
and vegetation is detected based on a 3 dB decrease in radar
cross-scction o relative to a kuownthawed state of theland-
scape. The decrease in 0° is explained by radar backscatter mod -
cls asresulting from a large decrease of the diclectric constant of
the soil and vegetation with freczing. The technique is validated
using air-t emperature recordings from 3 forest stands along the
Tanana River near Mauley Hot Springs, and from local weather
stalions along the transccl. Thetechnique does notapply to
areas of standing water, but is independent of the type of veg-
elation cover, aud permits the spatial and temporal monitoring
of freezing of the natural landscape at theregional scale,

INTRODUCTION

I'reezing an d thawing play a major role in high latitude ecosys-
tems. Freezing and frost drought vesult in potential damnage for
living plauts and have a profound effect on the natural distri-
bution of vegetation types and their proliferation [1]; freezing
and thawing dissipate morethan half of theannual energy bal-
ance in the Arclic [?], and dominate the €NCTgY balance during
springbreak-up and fall freeze-up; anc 1, freezing strongly modu-
late thelength of the growing season, whichis important to mon -
itor for estimating annmual productivity inthe boreal forests and
in the tundra, and for understanding the interactions between
land and atmosphere and biogeochemical cycles [3].

A techinique for estimating thelength of the growing scason is
to assume no photosynthesis occurs whenair-temperatures drop
below -2°C [4]. Surface temperatures may be estimated from
thermal infrared cinissions, but the measurements gre limited
by cloud coverand are only available at 10-day to oncinonth
intervals. Yreezingrates may also dependon tree specics, e.g.
white spruce trees show a rapidresponse to fluctuations in air.
temperature while balsain poplar trees, because of their highe
concentration of sugars, takeseveral days to frecze. Freeze/ thaw
patterns are also aflected by elevation, and exposure to the sua,
suggesting that measurements directly related to phase changes
Of the water content of the soil and vegetation would be better
than proxy indicators such as air or surface temperature.

At microwave frequencies, freczing results in a dramatic drop
of the diclectric constant of tlie soil and vegetation equivalent
to that of a sudden drying of the soil and vegetation since the
liquid water content of frozen soil and frozen vegetation is very
small, For very wet soil and vegetation, the real pa1 t of the
diclectric constant is ¢, & 30- 40, whereas for frozen/dry soil and
vegetation, ¢, = 3- 4 (e, & [5]). Freezing therefore corresponds to
the most dramatic change in the diclectiic properties of natural
terrain, and should be readily detected by SARs.

FRS-1 SAR DATA SET

EI:S-1 operates a SAR instrument at C-band frequency, VV-
polarization, 23° look angle, with a 100 kinswath,and at 30111
nominal resolution [G]. During the 1991 Comnnissioning, Phase
(08/03 - 12/15), I:RS-1 followed a sun-synchronous polar orbitat
amean altitude of 785 kin withan exact 3-day repeat cycle. Fig. 3
shows the descending repeat-track of I°RS - 1 that intercepted with
the city of Manley llot Springs at about 1:00 pin Alaska daylight
time. The data collected by 1)1{ S-1 over that transectinl99}
were processed, and calibrated by the Alaska SAR Facility (AST)
atihe University of Alaska's Geophy sical Institute in Fairbanks,
Alaska [7]. The calibration accuracy is about 1 dI3,andthe rada
gain stability is reportedly better than 0.33 dB{8].

Using repeat-l)ass SAR data present sever al advantages. The
incidence angle of the radar illuiination is repeated within frac-
tions of a deglee during every pass, so geometric distortionsin-
duced by the imaging £e0cl ry and topographic variations are
exactly repeated, co-registration of the data is limited to the de-
termination of a single pixel ofl'set [9], andchangesino®canbe
analyzed directly from slant-range imagery. If changes arc ana-
lyzed using the ratio of the 0 values, they are independent of
radimnctr](C“‘m”"ationcnors[l[)]and of topographic Variations.

Mosaicking 1)1{ S-1repeat-pags SARimages together is yet
complicated by various types of geometric distortionsinthe SA R
data that vary along track due to altitude and Barth velocity
changes withinthe 100 km’scene |1 1], resulting in registration
errorsin the overlapping segments of consccutive images. These
errors are not visible in the SAR niosaics, but they appear dis-
tinctly during change detection, e.g. innountainous terrain.

EXPERIMENTAL RESULTS

Air-temnperatures were collectedin 3 tree standsin a forest silt
ncar Manley Hot Springs, 150 kit West of Fairbanks, and were
also provided by 7 weather stations withinthe KR S-1transect.
Pig. 3 shows a decreascino® of about 3 dBin a black spruce
stand between DOY (day of year) 270 where air-teinperatures are
warm and DOY 290 where air-temperatures are several degrees
below freczing. A decrease of about the same magnitude was
observed in balsam poplar, white spruce, and tree-less stands. We
interpret this decrease in o using, the MIMICS radar back scatter
model as resulting from a large decreaseinthe dielectric constant
of the soil and vegetation with freezing [12]. A similar decrease
in 0° was measured for bare soils using a scatterometer [1 3.

To detect freezing we therefore compute the ratio of the o®
valuecs in reference to a known thawed state of the vegetation.
The landscape is frozen when the decrease in 09 is larger than
3 dB.Inthis study, thetechuique is applied to anentire North-
South Alaskan transcct. The reference thawed date is DOY 224
(Rev. §/ 384, August 12,1991) because air-temperatures were
thenwarin a ad abovezero all across the transect. The results
of the change detection te chinique are shown in Fig. 2. Freezing
is first detected on DOY 254 North of the Brooks Range, and
slowly propagates throughthe southern latitudes until 1)0% 320
whieri alinost the entire transect is in frozen state.




Fig. 4 show average radar back scatter values extracted from
homogencous arcas (20 pixels?area, 2km?in size) withinafew
kill of the 7weather stations.  In Prudhoe Bay, freezing temy -
peratures occur early inthe year and yield ab dB decrcase in
o%on 1)0% 272. After 1)0% 290, snow covers the ground, and
0? increases by a few dB, but the change is not due 10 thawing
but probably to scattering from large depthhoar crystals [1 2],
At Bettles, 09 drops by more than 3 dBon 1)0% 280 when air-
temperaturcs are several degrees below zero. Similar results are
obtainedin Tananawitha 3.5 dBdccrcascine®on 1 )0% 290,
and in Lake Minchuinina with a4 dB decrease on DOY 290.
Treezing conditions in Farewell Lake Lodge on DOY 280 result
in a decrease in 09 larger than 3 dB on DOY 290, followed by a
wal i period which likely thawed the land scape, yielding a b dB
increase ino® on DOY 302, After DOY 302, coldtemperatures
returned, resulting in a decrease in 02 smaller than 3 dB, sug-
gesting that freeze-up was not complete on DOY 320. I'reczing
conditions are reported on DOY 312 in Port Alsworth, resulting
ina 3 dB decreasein 0° on 1)0% 320. The observations inll-
jammua are similar. In sminmary, the freeze detection algorithm
appears applicable over a large range of latitudes andoverany
clifl’event Jandscapes.

o?from river channels andstandinglakesin the Arctic Plains
donot decrease between DOY 224 andDOY 320, andarcin fact
often increasing. This increase canbe doc to refraction of the
radar signals at the air/ice interfa ce, a shorter eflective wave-
Iength of the signalin icc compared to air, and scattering by
arough icc/water interface andair-bubbles inclusions [14]. All
these factors concur to increase 09 G rounded frozen lakes in
contrast undergo a dcecrease in 0° [14]. The change detection
technique is therefore not applicable to arcas of standing water.

In the high regions of the Brooks Range, 02 does not change
because the terrain is already in a frozen state on DOY 2’ 24,
With air-temperatures about 2°C in Prudhoe Bay (clev. 24m)
on DOY 224, andbasedon a dry adiabatic lapse rate of 10(; per
100 1n, subzero air-temperatures alrcady reigned above 224 m
clevationcnDOY 224, i.e. most of the Brooks Range. A shmilar
situation is encountered in the Alaska Range.

Recently burned areas appear clearly in the FRS-1SAR b -
agery (Fig. 2a) duec to anincrease in forward scattering through
tree-tl unk/ground double reflections [1 5]. 0 takes longer to de-
crease and reach a stable value inthose areas, indicating that
recenily burned areas take longer to freeze. Interestingly, when
a fire burns in a northern black spruce forest underlained by per-
mafrost, the active layer thickness increases, not because of the
heat of the fire,butdue to the removal of theinsulating organic
matcrial which lowers the su1 face albedo and decreases shading
effects of the tree canopy [1 G].lHence, the slower decreascin 0°
of thesearcasis likely duc to a thicker active, layer inthese areas.
This example illustrates the dependence of freezing rates onthe
amount of soil moistureinthe soil profile as discussed in [17-18],
and shows that repeat-pass SARimagery could detect diflerences
in freezing rates,

CONCLUSIONS

Despiteanextreme variability invegetation cover across thetran-
scct, detecting arcas of freeze at theregional scale using KR - 1
SARappears promising, independent of the vegetation cover, us.
ing change detection techniques. Freezing rates however depend
onthetype of suiface cover, andtopographic variations of sev-
eralhundreds of meters cannot be ignored during detailed analy-
sis of the detected changes, suggesting that ancillary information
is required to help interpret the radar observations, Monitoring
freere/thaw using SAR data could however help determine the
length of the gygwjng season withina few days, over large areas,
and study its dependence onspecies, elevations, andsunillumi -
nation. Daily rates of change inradar backscatter could also helys

esthinate freezing rat es.
Inthisstudy, weaddTegsedchangesinthe water status of e
boil andvegetation cousidered as a single mediuvm whichunder-

goes 1arge frecze-thaw cycles, because single-channel 1 adar obses
vations are not likely to separate the contribution from different
layers of thelandscape and for example determine which of the
soil or vegetation freezes or thaws first. Combining RS- 1 data
with SAR data at anotherfrequency could help separate these
different effects. Yin ally, monitoring freeze /U v is more essential
during spring break-up because this tilllc,.period is most critical
to the start of the growing secason,but we did not have enough
data to analyze that period. Inprinciple, o should increase, fol-
lowing anincreasein the dielectric properties of the terrain, but
the electromagneticresponse of the surface could be complicated
by the presence of melting snow into various spatial patterns,
and by the rapidly transforming and growing vegetation,so that
changes in 0° nay be associated to more thanone facto].
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